Introduction
Polymer systems are widely used due to their unique attributes : ease of production, light weight and often ductile nature. However, polymers have lower modulus and strength as compared to metals and ceramics. One way to improve their mechanical properties is to reinforce polymers with fibers, whiskers, platelets or particles, which are micro-sized traditionally. In 1987, nylon 6-clay hybrid (NCH) nanocomposites were synthesized via in situ polymerization in Toyota Central R & D Labs.
1) 3)
The NCH nanocomposites show high strength, elastic modulus, heat resistance and other properties although the reinforcements are only 2∼5 wt%. This success draws great interests in research and development on polymer matrix nanocomposites.
4) 7)
Clay is comprised of silicate layers having a 1 nm thick planar structure. When one or a few polymer chains are intercalated between clay layers, the microstructure is called intercalated system. When single layers of clay are dispersed at the molecular level (nanometer level) in a polymer matrix, it is called exfoliated system. It has been found that the exfoliated systems give higher strength than intercalated ones, 3) , 8) whereas the intercalated systems can give higher ductility [8] . were used as testing materials in the present research.
Materials and Experimental procedures
Three kinds of materials were used for tensile and fatigue tests, which were nylon 6, 2 wt% clay-reinforced nylon and 4 wt% clay-reinforced nylon nanocomposites, as shown in Table 1 . The processing conditions of the materials is shown in Table 2 . For the nanocomposites used in the present study, the dispersion of the clay platelets is fully exfoliated or at least partially exfoliated. It is shown that 2 wt% clay-reinforced nylon and 4 wt% clay-reinforced nylon have similar tensile strengths, which are increased by about 30% compared to those of nylon 6. With an increase in loading rate, the ultimate tensile strength increases for both nylon 6 and nanocomposites, and the ductility decreases for nylon 6 while it does not change obviously or even increase a little for nanocomposites. The fatigue strength of 2 wt% clay-reinforced nylon is also increased by about 30% compared to that of nylon 6, but the fatigue strength of 4 wt% clay-reinforced nylon is slightly increased or similar to that of nylon 6. The cyclic deformation has been examined using stress-strain hysteresis loops. The small cyclic deformation in 4 wt% clay-reinforced nylon is attributed to the no increase in fatigue strength. The strain incompatibility near the phase boundary leads to the relaxation of three dimensional stress field in 2 wt% nano-composite, while leads to the extraction of clay platelets in 4 wt% nano-composite. Furthermore, timedependent behavior and microscopic damage mechanisms are discussed.
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Results

1 Tensile behavior
As shown in Fig. 2 , with an increase in loading rate, the ultimate tensile strength increases for both nylon 6 and nanocomposites. The strain at failure decreases for nylon 6 while it does not change obviously or even increase a little for nanocomposites with an increase in loading rate.
The tensile stress-strain curves for nylon 6 are typical as reported. 4) However, there is little plastic deformation in 4% composite.
With an increase in amount of clay reinforcements at a strain rate of 1 s −1 , both the ultimate tensile strength and Young's modulus increase, as shown in Fig. 3 . The strain at failure for nylon 6 is largest, but the 4 wt% clay-reinforced nylon nanocomposite has smallest value and the 2 wt% clay-reinforced nylon nanocomposite exhibits a balance between the strength and ductility indicated by the strain at failure. The addition of 2 wt% clay increases the ultimate tensile strength by about 30% compared to that of nylon 6. The present testing results agree with those reported in the past 3) and the stress-strain curves of different specimens show a little difference, less than 5% in the ultimate tensile strength. With an increase in loading rate, the slope of the curves increases with an increase in amount of clay reinforcements, as shown in Fig. 4 .
Similar tensile strength can be noted in 2 wt% and 4 wt% clay reinforced nylon nanocomposites. 
2 Fatigue behavior
The maximum stress versus number of cycles to failure curves at frequency of 0.1 and 10 Hz are shown in 
3 Fracture surface
Fracture surfaces in nylon show typical ductile fracture features, but the fracture in 4 wt% clay nanocomposite is very brittle, as shown in Fig. 8 . An elliptical zone (Fig. 8a) can be seen, around which hackle zone (radiated lines)
shows cleavage-like pattern. Striation-like pattern can be seen in the elliptical zone, which seems that clay flakes are extruded (Fig. 8d) . When the image of the elliptical zone is enlarged, a smaller elliptical zone can be found (Fig. 8b) . From the radiated line, it can be identified that the fracture is from the defects of pores (Fig. 8b, c) . The elliptical zone can also be found in tensile fractured specimens. However, the striation-like pattern was only found in the fatigue fractured specimens. found that clay flakes are extruded. The elliptical zone can also be observed in tensile fractured specimens, but plastic flow features appear within the elliptical zone, as shown in Fig. 10 . In the plastic flow zone within the elliptical zone, dimple-like pores can be seen in Fig. 10 (b) .
Discussion
The addition of clay platelets into polymer matrix increases the strength of composites, it is mainly attributed to the retardation to plastic deformation of matrix by phase boundary between clay platelets and polymer matrix. For NCH nanocomposites, because of nano-size as well as relatively large particle aspect ratio, this increase is clear especially for exfoliated systems even at relatively low weight fractions of clay. The inter-particle distance is 40∼60 nm for 2∼4 wt% clay nanocomposites.
12)
For 2 wt% clay nanocomposite, the strain incompatibility near phase boundary under loading results in the occurrence of lots of vacancies and micro-cracks, this leads to the relaxation of three-dimensional stress field in the matrix near boundaries. Thus, with the increase of strength comparing with pure system under cyclic loading, the ductility does not decrease too much. While, for 4 wt% nanocomposite, there is more weight fraction clay platelets as well as less inter-particle distance, the plastic strain by the relaxation of three-dimension stress field is restricted, so it becomes more brittle under cyclic loading, and the micro-cracks near phase boundary connects and leads to the extraction of clay platelets (as shown in Fig. 8 (d) ).
Under cyclic loading, the increase of energy dissipation during each cycle for 2 wt% clay nanocomposite can be explained by the relaxation of stress field in polymer matrix easily, and this does not occur for 4 wt% clay nanocomposite. The disappearance of cyclic creep for 4 wt% nanocomposite should be owing to disturbance of deformation properties of polymer matrix by the relatively small inter-particle distance. it is not found cleavage-like hackle zone on fracture surface in 2 wt% clay composite. From fracture surface observation, it is also understood that 2 wt% clay nanocomposite has a good balance of strength and ductility. This is why it shows the best fatigue properties.
Conclusions
(1) It is shown that 2 wt% clay-reinforced nylon and 4 wt% clay-reinforced nylon have similar tensile strengths, which are increased by about 30% compared to those of nylon 6. With an increase in loading rate, the ultimate tensile strength increases for both nylon 6 and nanocomposites.
(2) The fatigue strength of 2 wt% clay-reinforced nylon is also increased by about 30% compared to that of nylon 6, but the fatigue strength of 4 wt% clay-reinforced nylon is slightly increased or similar to that of nylon 6.
(3) The cyclic deformation has been examined using stress-strain hysteresis loops. The small ductility in 4 wt% clay-reinforced nylon is attributed to the no increase in fatigue strength.
